Human heat transfer depends on the amount of ventilation between the skin and the clothing layers, which in turn depends on the microclimate volume (7). This volume is hard to quantify. The traditional method, developed by Crockford et al. (4) and further in Birnbaum and Crockford (1) and Sullivan et al. (10) utilises a vacuum oversuit to evacuate and measure the quantity of air trapped in the microenvironment. This method is cumbersome and an alternative may be found in a model approach or using 3D whole body scans. Lee and Hong (8) endeavoured to ascertain the relationship between the insulation value of the clothing ensemble and the air volume measured by using phase-shifting moiré topography. They determined the microclimate volume between a manikin and a T-shirt. This technique was time efficient and accurate, but it was not reported if this technique could be used on humans and how the results compared to the traditional technique of microclimate volume measurement. A third technique to estimate the microclimate volume assumes that the body is represented by a series of cylinders. The circumference of each segment is measured with and without clothing, allowing the volume of each to be calculated. The method was adopted from Lotens and Havenith (9) and is fast and simple. It is the purpose of this study to compare the reliability and reproducibility of the vacuum suit method, scanning method and cylinder model to determine microclimate volume.
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For the full text of this licence, please go to: http://creativecommons.org/licenses/by-nc-nd/2.5/ INTRODUCTION Human heat transfer depends on the amount of ventilation between the skin and the clothing layers, which in turn depends on the microclimate volume (7) . This volume is hard to quantify. The traditional method, developed by Crockford et al. (4) and further in Birnbaum and Crockford (1) and Sullivan et al. (10) utilises a vacuum oversuit to evacuate and measure the quantity of air trapped in the microenvironment. This method is cumbersome and an alternative may be found in a model approach or using 3D whole body scans. Lee and Hong (8) endeavoured to ascertain the relationship between the insulation value of the clothing ensemble and the air volume measured by using phase-shifting moiré topography. They determined the microclimate volume between a manikin and a T-shirt. This technique was time efficient and accurate, but it was not reported if this technique could be used on humans and how the results compared to the traditional technique of microclimate volume measurement. A third technique to estimate the microclimate volume assumes that the body is represented by a series of cylinders. The circumference of each segment is measured with and without clothing, allowing the volume of each to be calculated. The method was adopted from Lotens and Havenith (9) and is fast and simple. It is the purpose of this study to compare the reliability and reproducibility of the vacuum suit method, scanning method and cylinder model to determine microclimate volume.
METHODS
Four healthy males were investigated in three conditions: seminude (only wearing bicycle shorts), wearing a T-shirt and wearing a coverall. Anthropometrical data on the subjects is supplied in Table 1 . The T-shirt was size L for all subjects. The shirt was evaluated untucked from the bicycle shorts. The size of the coverall was determined by the chest circumference. Scanner: The first method to determine microclimate volume was whole body scanning (5) . The subjects were scanned in each condition using a Vitronic Vitus Pro scanner (www.vitronic.de) and Polyworks software (www.innovmetric.com) to determine the volume. The scanner uses 16 camera's to determine the shape of the subject and 4 camera's for the colour texture. The resolution of the scanner is approximately 3 mm. The volume under the Tshirt or coverall was determined by subtracting the volume of the seminude body from the volume of the scan with Tshirt or coverall. Figure 1 shows a frontal and transversal view of the scans for a subject.
Vacuum suit:
The second method used a thin airtight suit over the garments (2) . Air was pumped out until the suit is crushed tight against the body. The removed air volume was measured from the moment the suit touched the garments until it was tight against the body. For this laboratory experiment, the subjects had an impermeable over suit of 0.015 cm thickness made from Tyvek, an air impermeable non-woven fabric. All the seams of the suit were stitched and taped. There is a large air tight zipper entry for the suit on the back. The suit was purchased from Remploy of Merseyside, UK. The neck seal was purchased from ML Lifeguard Equipment and fitted on the over suit by Remploy. Figure 2 shows the measurement set-up. An air pump (Pfeiffer) was used to evacuate the air from the suit. A Schlumberger air flow meter, combined with a timer was used to measure the volume of air evacuated from the over suit. A Fluke 75 Series II Multimeter registered the electronic output of the U-tube manometer. 
Fig. 2 Set-up of the vacuum suit method
The protocol used for this part of the project is based on Sullivan et al.'s (10) adaptation of the original Crockford method (4). On arrival the subjects changed into the semi-nude ensemble (the tight-fitting bicycle shorts). The tubing system was taped on to the subjects torso, arms and legs. The tubes were 9 mm in diameter with perforations every 5 cm. Near the end of each tube, the amount of perforations increased. The suit was sealed and the pump was turned on, evacuating the air. Recordings of both the pressure and the volume were made every 15 seconds, in order to best compare the results with data from the literature. The air from the enclosed environment was evacuated until an internal pressure of -30 cm H 2 O was reached, at which point the pump would be shut off. The beginning point for volume determination was chosen to be -0.75 cm H 2 O. This beginning point was chosen because early trials suggested that below this pressure there was a consistent rate of decline, rather than a fluctuation between a positive and negative rate of pressure change. This differs from the -0.90 cm H 2 O used by Sullivan et al. (10) , which they observed where the over suit was just short of being in full contact with the clothing ensemble. This will theoretically result in a slightly larger recorded microclimate volume.
Circumference model: The third method estimated the microclimate volume by measuring circumferences of the nude and clothed body, modelling the human body in cylinders (9) . The difference in cylinder volumes between clothed and nude was taken as the microclimate volume. Circumference measures were taken three times at each of the 13 body segments, for each of the three clothing ensembles. An average was taken to be entered into the computer model (Cloman, 9) A schematic drawing of the cylinder model is provided in Figure 3 .
Each measurement was repeated three times, in order to compare the reproducibility of the method. Three scans were made in each ensemble consecutively. For the suit measurements the tubes were kept in place, but the suit was unzipped in between. The circumferences for the cylinder model were also determined three times.
BODY SEGMENT WHERE CIRCUMFERENCE MEASURE TAKEN 1 Head
The point of largest circumference 2 Face
Cloman default values used 3 Neck
At the level of C-7
Shoulders
Around the acromion extremities under the arms, with loose arms 5 Upper trunk Across both the scapulae and the nipples 6 Lower trunk
Between the lower ribs and the superior iliac crest 7 Upper arm At the point of greatest circumference around the biceps group 8 Lower arm Approximately 5 cm distal from the olecranon process 9 Hands
Cloman default values used 10 Thighs
At the point of greatest circumference 11 Upper calf
At the point of greatest circumference around the gastrocnemius 12 Lower calf Approximately 10 cm proximal from the malleoli 13 Feet
Cloman default values used 
RESULTS
The microclimate volume of the T-shirt was 12 ± 2, 4 ± 1and 13 ± 4 dm 3 for the scanning method, model and suit method respectively (Fig. 4) . The microclimate volume of the coverall was 33 ± 5, 27 ± 5 and 28 ± 8 dm 3 , respectively. The standard deviation mainly reflects differences between subjects. The difference within subjects (three repetitions) was about 1% for the scanning method, 3% for the model and 8% for the suit. The error in the model is based on three averaged circumferences for the nude condition. If each individual measurement is taken, the error increases to 54%. 
